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Nucleophilic additions of methanolate and the acetylides PhC^C“ and ¿-BuC=C~ to the 
cationic complex [CpFe(?76“Cot)]+( l+) (Cot =  cyclooctatetraene) exclusively occur on the Cot 
ring in high yield. However, the new products are not stable with respect to molecular 
fluxionalities. To establish the mechanism of the fluxional processes, different NMR 
techniques were applied on CpFe^-CsHg) (3) and CpFe^-CgHgD) (3-di). The monodeu- 
terated complex 3-di has been obtained in two ways: (i) by nucleophilic addition of D" from 
Li[BEtaD] to 1+ and (ii) by deprotonation of 3 with Lift-Bu at —30 °C, forming the anionic 
complex [CpFeCot]~ (4), and successive deuterolysis with MeOD. The addition of D+ to 4, 
as well as the addition of D~ to 1+, initially yielded CpFe^-CaHs-l-ejeo-D), although the 
deuterium is later distributed over all positions of the cycZo-Cg ligand with the exception of 
the erafo-position. Various NMR studies demonstrate two different exchange processes: a 
slow 1,3-metal shift, as shown by spin saturation transfer (SST) experiments, which leads 
to an enantiotopomerization of 3, and a 1,4-hydrogen shift as an even slower process.
Introduction
The C—C bond formation reactions of coordinated 
cyclooctatetraene (Cot) have become the focus of some 
attention.1 Recently, we were able to show that nucleo­
philic addition to coordinated Cot in the cationic complex 
[CpFe(?76-Cot)]+ (l+)ld is a new complementary way2 in 
which to introduce special functionalities to Cot in a 
highly stereo- and regioselective manner. The nucleo­
philic addition products from malonate nucleophiles 
seem to be inert with respect to intramolecular fluxional 
processes, e.g., ring contractions or H-migrations.3,5 
Further to our previous findings, we report herein new 
results indicating two different intramolecular fluxional
t Dedicated to Prof, Dr. Dr. E. h. H. Sinn on the occasion of his 65 th 
birthday.
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processes with activation barriers dependent on the 
substituent of the cyclo-Cg ligand.
Results and D iscussion
Since we were interested in acetylenic and methoxy 
substitution of the Cot ligand, we have chosen two 
representative acetylides and methanolate as nucleo­
philes in reactions with 1+. As mentioned earlier,ld the 
reactions (eq 1) occur almost quantitatively.
<■
Nu
Nu — C =  C -  C Me3 2a 
C =  C~Ph 2b
OMe 2c
If the reaction products are isolated within 1 h, it is 
possible to obtain the XH-NMR spectra of 2a and 2c, 
which show the formation of only one product.
The XH-NMR spectra are in very good agreement with 
those described recently for Nu = CH(CC>2 R) 2  (R = Me, 
Et) and NMe2 .ld The two proton resonance signals 
between 5.1 and 5.6 ppm correspond to the olefinic 
protons belonging to the uncoordinated double bond of 
the cyclo-Cq ligand. After three days, however, the 1H- 
NMR spectrum of 2a changes dramatically, showing at 
least four different products, which can be identified by 
four Cp and t-Bu signals at ca, 4 and 1.2 ppm, respec­
tively. Warming up the NMR tube to 60 °C for 16 h
0276-7333/95/2314-0044$09.00/0 © 1995 American Chemical Society
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simplifies the 1H-NMR spectrum to a set of signals 
indicating two different products with the ratio 2:1. 
However, these products could not be isolated separately 
by either fractional crystallization or column chroma- 
tography. A similar fluxional behavior, within a shorter 
period of time, is observed for 2c (Nu = OMe). The 
phenylethynyl derivative 2b is even more labile, and 
in contrast to 2a, the number of different products 
caused by the fluxionality is even larger for 2b and 2c.
The molecular transformation in 2a—2c is at variance 
with our former results,ld and we have thus been forced 
to investigate this behavior more thoroughly. We 
decided therefore to study the stereochemistry in the 
monodeuterated cyclooctatrienyl complex CpFe(?75~ 
CsHsD) (3-g?i), which can be obtained from deuteride 
addition to 1+ similar to the synthesis of CpFe^-CsHg) 
(3)ld (eq 2).
1 Li[BEt3R]
(2)
R  =  
R  =
H; 3 
D: 3-d!
Providing that the addition of D~ to the cyclooctatet­
raene ligand in 1+ occurs stereo- and regioselectively, 
as with normal nucleophilic additions to coordinated 
olefinic ligands, only one signal should be observed in 
a 2H-NMR spectrum. In the case of molecular trans­
formations in 3-di, for each isomer, one singlet is to be 
expected.
A monodeuterated derivative of 3 can also be prepared 
by the deprotonation of 3 with Lirc-Bu and subsequent 
protolysis with MeOD (eq 3).
Lin-Bu^
THF/
—30°C
[ C p F e ( 7/4- C o t ) ]
© MeOD
(3)
H D
3-d
When the first 1H-NMR spectra of 3-g?i were obtained 
from both synthetic routes (recorded within a few hours 
after the reaction had been performed), a doublet of 
multiplets of very low intensity at ô — 1.78 ppm was 
observed. This corresponds to a negligible number of 
exo-protons of the C8-ring ligand, as it is this position 
that is occupied by the deuterium (Figure 1A). The 
en do-proton  only shows abroad multiplet, which gradu­
ally sharpens to reveal a doublet of multiplets. Mean­
while, the intensity of the signal belonging to the exo- 
proton increases until it is eventually equal to that of 
the e n d o -proton (Figure IB—D).
Since no significant alteration of the other cyclo-Cs 
proton signals could be observed, with the exception of 
some changes in the splitting pattern, time-dependent 
2H-NMR experiments were used to obtain a deeper 
understanding of the mechanism of this molecular 
rearrangement (Figure 2). As expected from 1H-NMR 
spectra, the signal of the e:x;o-position can be recognized 
immediately (Figure 2A), confirming the regioselective 
addition of the proton (or deuteron) to the metallated 
complex 4. After 24 h two peaks corresponding to
exo
endo
H4,H8 Hendo Hexo
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Figure 1. Time-dependent XH-NMR spectra of CpFe(i/r,~ 
CfiHsD) (3-di). (A) Recorded within 2 h after preparation. 
(B) Recorded after 17 h. (C) Recorded after 23 h. (D) 
Recorded after 1 week (200 MHz, CeDe).
positions 4 and 6 appear with similar intensities (Figure 
2B). Furthermore, weak signals originating from posi­
tions 3 and 7 can be observed, which become stronger 
after another day (Figure 2C). In spectrum D of Figure 
2, the signals of positions 2 and 8 can be distinguished 
and the intensity of the signal of position 5 at last 
increases. Finally, the 2H-NMR spectrum of 3-di shown 
signals for all of the cyclo-Cg positions, though not for 
the endo-position, which indicates an even distribution 
of the deuterium atom over all cyclooctatrienyl positions 
with the exception of the endo  -position (Figure 2E). The 
lack of any Cp signal in spectrum E proves tha t the 
rearrangement strictly occurs within the Cs ligand.
The most surprising result that emerges from the 2H- 
NMR spectra is the successive population in pairs of the 
positions 4 and 6, 3 and 7, and 2 and 8, respectively, by 
deuterium; this can best be explained by two different 
molecular transformations occurring at different rates. 
One dynamic process is an energetically degenerate 1,3- 
metal shift (Scheme la) as indicated by spin saturation 
transfer (SST) experiments. In an SST experiment, a 
proton a is irradiated, and as a result, this proton will 
transfer its spin information to the interchanging posi­
tion b. Consequently, the population difference between 
the ground state and the excited state will be dimin­
ished for b, revealing a reduced intensity of the reso­
nance signal of proton b, too. Hence, after subtracting 
a normal 1H-NMR spectrum, used as a reference (Figure 
3A), from the SST spectrum, a difference 1H-NMR 
spectrum is thus obtained. This shows a strong nega­
tive signal for the irradiated proton a and a smaller 
negative one for proton b, whereas all other signal 
intensities have to be zero. Compared to the SST 
spectra of 3, however, some signals are left with positive 
intensities as in Figure 3.
These are caused by nuclear Overhauser effects 
(NOEs) which stem from dipolar interactions between
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Figure 2. Time-dependent 2H-NMR spectra of CpFe(?75- 
CsHqD) (3-di). (A) Recorded within 3 h after preparation. 
(B) Recorded after 1 day. (C) Recorded after 2 days. (D) 
Recorded after 4 days (360 MHz, proton decoupled, C^ De). 
(E) Recorded after 1 week (200 MHz, not proton decoupled; 
note line width of signal <5 < 2 ppm, CeDe).
Scheme 1
dechelation
(b)
1—D, 7} 5 (18ve) 7 7  3 (i6ve)
\
!
1,4—H s h i f t (a) ( ° )
/
V
C-H activation
(d)
H transfer
4—0,7)5 (i8ve) 7)4 (l&ve)
vicinal protons, thereby giving rise to positive resonance 
signals. Hence, the irradiation of proton 7, for example, 
reveals a negative signal for the interchanging proton 
3 in the difference spectrum caused by SST (Figure 3, 
spectrum B), whereas protons 6 and 8 show positive 
signals caused by NOEs. The chosen timing of the 
experiment does not allow one to observe the NOE 
effects on the “new” position, however, because it has
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Figure 3. ^-NMR spectra of CpFe(rç6-C8H9) (3). (A) 
Normal ^-NMR spectrum of 3 as reference (S = CgDeH). 
(B—F) Spectra obtained by means of spin saturation 
transfer experiments. Irradiated protons are marked 
Irrad. NOE denotes the nuclear Overhauser enhancement* 
SST denotes the signals of the protons suffering spin 
saturation transfer. The ideograms elucidate the interac­
tion pattern.
Still not built up in any reasonable amount. Compa­
rable intensity alterations can be seen for the other 
irradiation experiments depicted in Figure 3. For every 
difference spectrum, the SST and NOE interactions are 
depicted in the ideograms of Figure 3 as well as th e  
signs (±) of the signals. From these spectra the inter­
conversion of protons 2 and 8, 3 and 7, and 4 and 6, 
respectively, can be clearly deduced, yielding the enan- 
tiomer of 3 by means of a 1,3-metal shift. Since th is  
enantiotopomerization is slow, with respect to the NMR 
time scale, it becomes obvious that no indication of th is
%
process has been observed before. However, a 1,3-metal 
shift is not uncommon for rç5-cyclooctatrienyl3 and r]G- 
cycloheptatrienyl complexes,7 although for 3 a complete 
circulation of the metal center is hindered by th e  
interruption of the conjugation of the cyclo-Cs ligand in  
position 1» Hence, a-“twitching” motion will only occur 
in 3, the activation barrier of which has to be consider­
ably higher (AG* >71 kJ/mol) than that for the valence 
isoelectronic complex MnCCOM^-CgHg) (5) (AG* = 52.7 
kJ/mol).3 The higher activation barrier of métallo tropic 
shifts in the cyclopentadienyl complex 3, compared to  
the tricarbonyl complex 5, parallels the results obtained
(7) Alibrandi, G.; Mann, B. E. J. Chem. Soc,r Dalton Trans. 1992, 
1439. Hails, M, J.; Mann, B. E.; Spencer, C. M. J. Chem. Soc.} Dalton  
Trans. 1985, 693.
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for the cyclooctatetraene compounds Cr(CO)3 (?76-Cot),8 
CrCp(?76-Cot)59 and [FeCp^-Cot)]*.10
The second dynamic process in 3 has to be distinctly 
slower than the 1,3-metal shift; otherwise additional 
SST and NOE signals would have to have been recorded. 
The slower dynamic process is assumed to be a metal- 
mediated 1,4-shift of the encfo-proton (Scheme 1) similar 
to the 1,5-shift discussed for (?;6-cycloheptatriene)- 
(tricarbonyl)chromium,11 In analogy to other hydrogen 
shifts in organometallic complexes,12 the 1,4-hydrogen 
migration may be initiated by the dechelation of the
(8) Lawless» M. S.; Marynick, D, S. J . Am, Chem, Soc. 1991, 113t 
7513 and references cited therein.
(9) Heck, J.; Rist, G. J. Organomet. Chem. 1988, 342, 46.
(10) Reger, D. L.; Colemann, C. J . Organomet. Chem. 1977, 131, 
153.
(11) Foreman, M. I.; Knox, G. R.; Pauson, P. L.; Todd, K. H.; Watts, 
W. E. J-. Chem. SocPerkin Trans. 2 1972,1141. Roth, W. R.; Gnmnxe, 
W. Tetrahedron Lett. 1966, 2347.
(12) Karel, K. J.; Brookhart, M.; Aumann, R. J. Am, Chem. Soc. 
1981,103, 2695.
terminal double bond, which is in conjugation with the 
free double bond of the ^-cyclooctatrienyl unit, to 
generate an unsaturated 16 valence electron (ve) ?f~ 
cyclooctatrienyl complex (Scheme lb), Then C—H ac­
tivation takes place on C l to form the 18 ve hydride 
intermediate (Scheme lc), which is able to transfer the 
hydride either to position 1 to reveal the starting 
complex or to position 4 to create the 4-D derivative 
(Scheme Id). A subsequent 1,3-shift places the deute­
rium  atom in position 6 (Scheme 2, equilibrium c). 
From the 6-D derivative, the 7-D compound is formed 
by the metal-mediated 1,4-shift of the en do-pro ton 
(Scheme 2, equilibrium d), with the ensuing degenerate
1,3-shift revealing the 3-D product (Scheme 2, equilib­
rium e). After this procedure, all of the positions of the 
cyclooctatrienyl ligand are deuterated in the sequence 
which was elucidated from the 2H-NMR spectra (sec* 
Scheme 2, equilibria f—i).
From these intramolecular rearrangements it is clear
48 Organometallics, VoL 14, No, 1, 1995 Haupt et al.
that, in principle, eight different isomers can be formed 
upon nucleophilic addition to 1+. The absenceld or 
formation of different isomers is apparently controlled 
by the electronic behavior of the added nucleophiles and 
seems to be restricted only to iron compounds. The 
corresponding Ru complexes give no indications for 
comparable fluxional processes under the described 
conditions.13 Some efforts are still necessary to isolate 
different isomers of cyclooctatrienyl complexes, e.g., of 
2a, in order to confirm tha t the rearrangements dis­
cussed above are the reason for their formation.
The strict intramolecular 1,4-hydrogen shift in 3 is 
in accordance with the proposed hydrogen shift in CpV- 
(^-CgHe);14 however, it disagrees with Cp^'ZrCsHg-di 
wherein a complete (statistical) distribution of the 
deuterium atom is found over all cyclo-Cs positions 
including the endo- and exo-positions.15
E x p erim en ta l Section
All manipulations were performed under nitrogen with 
thoroughly dried solvents. Standard spectra were
recorded on a VARIAN Gemini 200 BB spectrometer, while 
the 2H-NMR spectra were recorded in 10-mm tubes with the 
broad-band equipment of a BRUKER-AM-360 spectrometer. 
The initial assignment of the 1H-NMR signals has been 
performed by means of chemical arguments: the addition of 
nucleophiles to coordinated -ene and -enyl ligands (e.g., D“ 
from Li[BEt3Ü]; see eq 1) exclusively occurs in exo-position 
with respect to the metal center. Therefore, the signal of the 
exo-proton is easily found by comparison of the spectra of 3 
and 3-di, when the NMR sample of 3-di has freshly been 
prepared. The assignment of the remaining ^-resonance 
signals via standard 1H-COSY is straightforward. The SST 
experiments are performed on the AM-360 using the standard 
NOE-difference procedure with relaxation delay and mixing 
times of 0.5 s. Differences were calculated to reference spectra 
with an irradiation frequency close to the on-resonance 
frequencies. All spectra were recorded at room temperature. 
[CpFe(i/6-Cot)]PFs (1) has been prepared according to reference 
16. The Li salts Li[C^Ci-Bu] and Li[C^CPh] were obtained 
as solids from reactions of the corresponding acetylenes with 
Lin-Bu in hexane.
Preparation o f CpFe(j/5-CsH8-l-e#o-CS3Cf-Bu) (2a). 
Twenty-five milliliters of a THF solution containing 3.07 mmol 
of LiC-Ci-Bu are added dropwise to a cooled, stirred suspen­
sion (T  =  -7 8  °C) of 1.07 g (2.8 mmol) of 1 in 40 mL of THF. 
The orange-colored suspension immediately changes to a clear 
solution, which is allowed to warm up to room temperature. 
The solvent is removed in vacuo, and the oily residue is 
extracted with hexane. Crystalline product can be obtained 
from pentane solution at —78 °C. Yield: 0.85 g (98% based 
on 1). El-MS: m/e 306 (18) [M+], 291 (9) [M+ -  Me], 249 (100) 
[M+ -  kBu], 240 (44) [M+ -  C5H6], 199 (23) [CpFeC6H6]+, 184 
(16), 162 (14), 128 (12), 121 (80), 56 (48). IR (KBr, hexane), 
cm“1: 1648 m (uncoordinated C^C of the C8-ring). ^-NMR  
(obtained within 30 min after isolation, CqDb, TMS, 200 
MHz): (5 5.55 (dd, 1H, uncoordinated C^C of the C8-ring), 5.25 
(dd, 1H, uncoordinated C~C of the Cs-ring bond), 4.65 (dd,
(13) Lange, G, Diplomarbeit, Universität Hamburg, 1993. Heck, J.; 
Lange, G. Manuscript in preparation.
(14) Bachmann, B.; Heck, J. Organometallics 1991, £>, 1373.
(15) Teuben, J. H.; Sinnema, P.-J. Personal communication.
(16) Heck, J.; Massa, W. J. Organomet. C k e m . 1989, 3 7 6 > C l5.
1H, Cs-ring), 3.90 (m, 2H, C8-ring), 3.75 (s, 5H, Cp), 2.90 (t, 
1H, Ca-ring), 2.75 (t, 1H, C8-ring), 1.05 (s, 9H, t-Bu). Anal. 
Calcd for CigH^Fe (M = 306.21): C, 74.52; H, 7.24. Found: 
C, 73.83; H, 7.24.
Preparation of CpFeC(7/5-C3H8C=CPh) (2b). The reac­
tion is performed identically to the synthesis of 2a with 1.3 g 
(3.5 mmol) of 1 in 40 mL of THF and with 3.7 mmol of 
LiC=CPh dissolved in 20 mL of THF. Extraction of the dry 
reaction residue in hexane yields 1.09 g (96%) of 2b. The XH- 
NMR spectrum obtained within 30 min after isolation already 
reveals signals of different compounds (CgDq, TMS, 200 
MHz): 6.9, 7.3, 7.5 (m, 5H, phenyl group), 5.3-5.6 (m, 2H, 
uncoordinated C=C bond of the Cg-ring), 3.9-4.7 (m, 5H, Ca­
ring), 3.78 and 3.9 (s, 5H, Cp ligand), 2.7-2.9 (m, 1H, Ca-ring).
Preparation of CpFe(^5-CaHg-l-e^o-OMe) (2c). A THF
solution (0.63 mL) containing 0.87 mmol of NaOMe is added 
dropwise to a stirred suspension of 0.31 g (0.83 mmol) of 1. 
After 5 min, a clear red solution is obtained, which is dried in 
vacuo. The residue is extracted with 15 mL of hexane. The 
hexane is removed, and the dark red oily residue is thoroughly 
dried in vacuo, during which it becomes crystalline. Yield: 186 
mg (88%). ELMS: m/e 256 (18) [M+], 241 (5) [M+ -  Me], 225 
(20) [M+ -  OMe], 199 (7), 186 (25) [FeCp2+], 160 (12), 152 (30),
134 (17), 121 (75) [FeCp+], 104 (52), 91 (100), 78 (68), 65 (79), 
56 (86). IR (KBr, nujol), cm“1: 1656 w (uncoordinated C—C 
of the Cg-ring), 1151 m (C-O-Me). ^-NM R (CeDe, TMS, 200 
MHz): <5 5.4 (dd, 1H, uncoordinated C=C of the Cs-ring) 5.1 
(dd, 1H, uncoordinated C—C of the Cs-ring), 3.9 (m, 2H, Cs- 
ring), 3.78 (s, 5H, Cp), 3.3 (m, 1H, C8-ring). Anal. Calcd for 
CuHieFeO (M = 256.11): C, 65.65; H, 6.25. Found: C, 65.0;
H, 6.3.
Preparation of CpFe^-CsHsD) (3-cZi). (a) Via Nucleo- 
philic Addition. The reaction is performed in strict analogy 
to the synthesis of 3.ld Li[BEt3D] (1.5 mL; 1.0 M in THF) is 
added to a cooled, stirred suspension (-78  °C) of 0.52 g (1.4 
mmol) of 1 in 10 mL of THF. The mixture is allowed to warm 
to room temperature. After 45 min of stirring, the reaction 
mixture is evaporated to dryness and the residue is extracted 
with pentane. The pentane extract is reduced in volume until 
precipitation occurs. Storage at -30  °C for 3 days yields 0.23 
g (71%) 3-di as orange-red crystals.
(b) Via Deprotonation and Addition of D+. Lira-Bu (0.4 
mL; 1.6 in hexane) is added to a cooled solution (—30 °C) of
0.14 g (0.6 mmol) of CpFeO -^CsHg) (3) in 10 mL of THF. The 
color of the solution immediately changes from orange-red to 
deep green. After 15 min of stirring, 25 fiL  of the MeOD is 
added, yielding an orange-red solution. The reaction mixture 
is then evaporated to dryness, and the residue is extracted 
with hexane. The hexane is removed to yield 0.13 g (93%) of 
3-di. lH-NMR: see Figure 1 and reference ld. EI-MS: mìe 
(% of 3-di) [% of 3] 228 (15) [-], 227 (90) [5], 226 (80) [100], 
225 (42) [71], 224 (14) [27], 223 (4) [3], 200 (15) [2], 199 (28) 
[15], 198.(10) [11], 197 (2) [1], 162 (50) [5], 160 (32) [62], 159 
(15) [2], 158 (13) [19], 135 (26) [5], 134 (30) [35], 133 (4) [2], 
122 (42) [25], 121 (70) [48], 56 (100) [76].
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